Abstract: A wear test of Ti 2 Ni/TiNi-based coating reinforced by TiC/TiB against a YG6X [94 wt.% tungsten carbide (WC) and 6 wt.% cobalt (Co)] ball in a sliding time of 712 h was carried out using a ball-on-disc reciprocating motion mode. The relationship between accumulated dissipated energy (∑E) and accumulated wear volume (∑V) was accurately established via the dissipated energy approach. Three wear stages were found: initial wear stage (0-200 min), breaking-in wear stage (200-14,520 min), and steady wear stage (14,520-42,720 min). At the initial wear stage, the relationship between ∑E and ∑V satisfied the equation ∑V = 42.5288∑E+0.019. The curvilinear relationship in the other two stages was fitted into the equation ∑V = -0.0029∑E 4 +0.064∑E3-0.5353∑E 2 +2.0653∑E+0.9938. The wear mechanism in the entire wear process was revealed. ∑E at the initial wear stage was mainly used for debris formation. At the breaking-in wear stage, ∑E was dissipated by generating the friction heat, which led to the formation of a protective layer. At the steady wear stage, ∑E was used to generate friction heat as well as to damage and restore the protective layer. The detection results of the protective layer via energy dispersive spectroscopy showed that this layer was composed of oxides and WC debris.
Introduction
The industrial application of Ti alloys is limited by their low surface hardness and poor wear resistance. At present, laser cladding is extensively used to improve Ti alloy properties [1] , such as hardness and corrosion resistance, especially wear resistance [2] . The coatings fabricated via laser cladding on Ti alloy surfaces can prevent Ti alloys from wear [3] . Several studies have investigated wear behaviors to reveal the wear process and under lying mechanism, as well as to predict the service lifetime. For instance, a previous study had analyzed the wear behavior of Ag/h-BN composites (Ni-based P/M) under different loads and speeds and found that the wear rates of the composites were decreased with increasing speed and that the friction coefficients were decreased with increasing normal force [4] . Another research [5] had explored the effect of temperature, normal force, sliding velocity, and structural state on the plastic deformation of 25CrMo4 steel during wear. The influence of the surface topography of different coatings [e.g. arc-deposited titanium nitride (TiN) and sputter-deposited tungsten carbide (WC)/carbon (C)] during wear test had also been evaluated [6] . Contrary to the TiN coating, the WC/C coating had a low and stable friction coefficient during wear. These studies mainly focused on the effects of certain factors on the wear behaviors of specific counterparts under particular wear conditions, which cannot be universally applied. Wear is an extremely complex process that is influenced by numerous factors, such as sliding speed, applied force, sliding time, environmental temperature, surface roughness, and microstructure of counterparts. Wear is also a mechanical process of dynamic change. As the sliding time is prolonged, heat derived from friction may trigger chemical reactions between contact surfaces, which further affect wear behaviors. Therefore, wear can be regarded as an integration of mechanical, physical, and chemical processes. Therefore, appropriate and universal models for predicting wear loss and service life, which are independent of the numerous influencing factors, need to be established. Among the existing models, the Archard [7] model is universally recognized as a classic wear model to reflect wear. Basing from the assumption that the primary independent quantities are contact pressure p and sliding distance s, the result of wear depth h can be calculated using the following equation:
where k is the nondimensional wear coefficient and H is the hardness of the softer material. However, obtaining the wear coefficient k for forecasting wear depth is difficult. Diverse wear factors exert comprehensive effects on wear conditions, including experimental temperature, normal force, sliding speed, and sliding time [8] . These effects lead to an inaccurate prediction of the wear model for wear depth. Therefore, integrating different parameters to establish a wear model is desirable. The entire wear process can be regarded as a system from the view of energy [9] . The concept of dissipated energy was first introduced by Mohrbacher et al. [10] . The model of dissipated energy has been constantly applied to calculate wear and modified to increase the accuracy of calculations. The model of dissipated energy is defined as follows [11] :
where ∑E is the accumulated dissipated energy, E i is the dissipated energy in a time interval, N is the normal force, μ is the friction coefficient, and ds is the increment distance. On the basis of Equation 2, the relationship between accumulated dissipated energy (∑E) and accumulated wear volume (∑V) can be established. Some researchers investigated the influence of different relative humidities [12] , hard coatings [13] , tested materials [14] , or normal forces [15] on wear behaviors on the basis of dissipated energy. Moreover, some researchers studied the used dissipated energy for predicting wear depth through a sphere/plane contact test [16] .
The results of these tests revealed a linear relationship between ∑E and ∑V. However, the above tests were carried out in a relatively short time, which is different from the long-time service in the industry. Whether or not the linear relationship can be maintained in a long service is uncertain. In this study, the actual wear behavior in an adequate sliding time is imitated in a wear test using a ball-on-disc reciprocating motion mode. The wear model and the wear mechanism are established and elucidated, respectively.
Materials and methods
Ti6Al4V cylindrical samples (50 mm in diameter and 10 mm in height) were selected as the substrates in laser cladding. All substrates were sanded with 150-grit emery papers and cleaned in acetone by ultrasonic waves to enhance surface flatness and remove surface impurities, respectively. The mixed powders were composed of 85 wt.% Ni-based alloy powders (16 wt.% Cr, 4 wt.% B, 4 wt.% Si, and balance Ni; Shanghai Cimic Welding Consumables Co., Ltd., Shanghai, China) and 15 wt.% B 4 C powders (Sinopharm Chemical Reagent. Co., Ltd., Shanghai, China), which were used for the cladding materials. Before the laser cladding, the mixed powders (approx. 0.8 mm in thickness) were uniformly preplaced on the substrates with a binder (4% polyvinyl alcohol). The density of the pre-layer was improved by compressing for 3 min in a BJ-21-type hydraulic press with a pressure of 30 MPa. A YLS-5000 fiber laser processing system was used for the laser cladding. The selected parameters included 3 kW of output power, 6 mm of beam diameter, and 10 mm/s of scanning speed.
The phase constituents of the coating were determined using X-ray diffraction (XRD; a Rigaku D/max) with Cu Kα radiation (λ = 0.1540560 nm). The cross section of the coating was polished and was etched for approximately 20 s in a solution comprising 4 ml of H 2 O, 6 ml of concentrated nitric acid, and seven drops of hydrofluoric acid. The microstructure of the coating was observed via scanning electron microscopy (SEM; JSM6460).
Dry sliding wear tests with a ball-on-disc reciprocating motion mode were carried out on a CFT-I comprehensive friction and wear apparatus (Figure 1 ). The sliding distance was very long. The temperature and the relative humidity were controlled in all tests to obtain precise experimental results. All tests were conducted at room temperature; the temperature was precisely controlled at 26±1°C using an air conditioner. Meanwhile, the relative humidity was adjusted using a dehumidifier (SEN Electric, 6H9368). The relative humidity was controlled between 20% and 25% in all tests. The temperature and the relative humidity were monitored and recorded using a thermometer and a humidity meter, respectively, during the entire test duration.
The coating surfaces were sanded with 150-grit SiC abrasive papers and ultrasonically cleaned in acetone to ensure a favorable wear result. A YG6X (94 wt.% WC, 6 wt.% Co) ball 5 mm in diameter and HRA 91.5 in hardness was selected as the counterpart. The normal force applied to the coating surfaces was 40 N, and the sliding speed was maintained at 0.1 m/s during wear. The total sliding time was 712 h and was divided into seven types of time intervals, as shown in Table 1 . In the initial 2 h, a surface mapping profiler was used to measure the accumulated wear volumes of the coating after every 5 min of interval. The accumulated wear volumes were measured with a time interval of 10 min in the next 2 h. In the third 2 h, the accumulated wear volumes were measured in a time interval of 30 min. In the fourth 2 h, the accumulated wear volumes were measured after every 60 min of interval. On the basis of the change in the accumulated wear volumes, the measurement was carried out for seven times at 120 min and 10 times at 300 min, respectively. Finally, the accumulated wear volumes were measured after every sliding time of 600 min, which was sustained 64 times. The friction coefficients were recorded on a computer in the entire sliding time of 712 h. The wear behaviors of the uncoated substrate as the reference material were also investigated using the same method. Moreover, the changes in wear loss of the balls, the coating, and the substrate before and after the entire wear test were measured using a photoelectric balance (0.01 mg of resolution).
The wear surfaces of the coated and uncoated substrates were investigated via SEM coupled with energy dispersive spectroscopy (EDS; EDAX GENESIS).
Results and discussion

XRD analysis and microstructural characterization
The XRD patterns of the coating are shown in Figure 2 . The coating has four main phases (TiB 2 , TiC, TiNi, and Ti 2 Ni). The patterns reflect the absence of diffraction peaks in the Ni-based alloy and B 4 C. That is, they were consumed completely and transformed into other compounds. TiB 2 and TiC as the reinforcements were in situ synthesized between Ti and B 4 C via laser cladding. TiNi and Ti 2 Ni as new phases were fabricated between Ni and Ti through the same technique. The typical microstructures of these Ti-rich phases are shown in Figure 3 . As illustrated in Figure 3A , wicker organizations and the eutectic structure of TiB 2 -TiC [17] characterized the entire coating. The magnified back-scattered electron (BSE) image of the eutectic structure of TiB 2 -TiC is illustrated in Figure 3B . The black block is TiB 2 [18] , and the gray dendrite is TiC [19] . The white bump phase wrapped around the eutectic structure of TiB 2 -TiC is Ti 2 Ni [18] , and the sunken one is TiNi [18] .
Wear behaviors 3.2.1 Wear behaviors of the coating
To take 5 min for a unit and calculate the average value of the friction coefficient in a unit. For example, for the first unit (0-5 min), the average value of the friction coefficent is regarded as the value at the fifth min. The average value at the second unit (5-10 min) is regarded as the value at the tenth min, and so on. The relationship between the average friction coefficient and sliding time in a time range of 712 h is shown in Figure 4 . The friction coefficient ranged from 0.3338 to 0.9053 at the initial wear. The friction coefficient changed from 0.6227 to 0.8324 after 25,000 min. The average friction coefficient in the entire wear test was 0.7186. On the basis of the fluctuation range of the friction coefficient, the entire wear process can similarly be divided into two stages: breaking-in stage (0-25,000 min) and steady wear stage (25,000-42,720 min). At the beginning of the breaking-in stage, wear mainly occurs between the surface protrusions of the counterparts. The wear conditions between the counterparts are relatively unsteady, which results in a drastic change in friction coefficient at this stage. Wear is gradually transformed from the breaking-in stage to the steady wear stage as the sliding time is prolonged. The friction coefficient is relatively stable with prolonged time because of the favorable contact conditions between the counterparts.
The friction coefficient can reveal wear behaviors [20] . However, the friction coefficient cannot be regarded as a criterion to predict the wear behavior because the wear process is complicated and influenced by materials, temperature, load, sliding speed, and time [16] . In this regard, the aforementioned factors can be integrated in view of the energy. The entire wear process can be regarded as a system, and the input energy applied to the coating surface is mainly used for the plastic deformation of the coating, crack nucleation/propagation, and, finally, debris formation. For the laser-cladded coating with high hardness and brittleness, the debris formation (wear loss) is tightly related to the input energy. Hence, wear behaviors are important to be predicted by establishing the relationship between input energy and wear loss. The input energy is defined as dissipated energy (E), which is shown in the following equation:
where F ric is the friction force (N), S is the sliding distance (m), μ is the friction coefficient, N is the normal force (N), and dx is the incremental distance (m). In this study, the applied load and the sliding speed were constant at 40 N and 0.1 m/s, respectively. On the basis of the obtained data in Figure 4 , E can be calculated at different time intervals. However, the specific functional relationship between friction force and sliding distance cannot be established. Therefore, the numerical integration method is used to evaluate E at different time intervals. An interval of 5 min is selected for a unit, in which the value of ΔE can be calculated by the product of average friction force and sliding distance ( Figure 5 ). The sum of ΔE at all units represents the value of E at special time intervals. For example, the first 2 h can be divided into 24 units. The rectangular area represents the value of ΔE in a unit. The sum of 24 rectangular areas represents the value of E in this time interval. In the same way, the values of E in the other time intervals can be calculated. The sum of E at different time intervals is defined as ∑E (Equation 4).
On the basis of Equations 3 and 4, ∑E was calculated (Table 2 ). Moreover, ∑V at different duration time intervals was measured using a surface mapping profiler, and the results are shown in Table 2 .
The relationship between ∑V and ∑E is illustrated in Figure 6 . To explore the precise relationship between them, these data points were fitted using the least square method ( Figure 6 ). The fitting results are shown as follows: 
On the basis of the change trend of the curve, the wear process can be similarly divided into three stages: initial wear stage, breaking-in wear stage, and steady wear stage. At the initial wear stage (0-200 min), wear mainly occurs between the counterpart and surface protrusions of the coating. The increased degree of ∑V is relatively dramatic compared with the other stages. Many researchers also explored the linear relationship between ∑V and ∑E. Fouvry et al. [13] selected polycrystalline alumina and chromium steel as the counterparts to conduct the reciprocating test with TiN and TiC coatings, respectively. When ∑E is 300 J, ∑E and ∑V satisfy the linear relationship approximately for two coatings. Ramalho et al. [14] conducted a similar reciprocating test (polycrystalline alumina vs. TiC coating) at different sliding and reciprocating distances under a 100-N normal force. A linear relationship between ∑E and ∑V can also be found when ∑E is 300 J. Jahangiri et al. [15] obtained the same linear result, although they used a tribometer with a crossed cylinder contact. The test materials were AlSl 1037, hard steel AlSl 52100, and WC, and the counterpart was the hard high-speed steel AlSl M2. The normal load was 1-6 N, and the sliding time lasted for approximately 90 min. Kumar [21] investigated the sliding wear behavior of dedicated iron-based selective laser sintering materials. The test type was bidirectional sliding, the displacement amplitude was 100 μm, and the frequency was 10 Hz. The result of the test also showed a linear relationship between ∑E and ∑V. Huq and Celis [12] conducted a flat sliding test by using a bidirectional ball. They chose the TiN monolayer for testing against alumina balls at a normal force of 3-23.56 N. The sliding speed was 0.1 m/s, and the test duration was 1000 s. Similarly, a linear relationship between ∑E and ∑V was found. This linear relationship between them is a common phenomenon for different materials and wear parameters, as has also been verified in our experiment. This phenomenon can be explained as follows. Wear at a certain sliding time mainly occurs between the surface protrusions of the counterparts. The small contact area between the counterparts results in the generation of low and rapidly dissipated heat, which leads to a correspondingly low temperature on the coating surface. The friction heat and the oxidation consume a relatively low quantity of the input energy [13] . Meanwhile, the energy applied for plasticity is minimal because of the high hardness and low plasticity [13] . Therefore, the input energy is mainly used for debris formation. With increasing ∑E, ∑V is dramatically increased and a linear relationship between ∑E and ∑V is maintained. The aforementioned studies were discussed under a relative short sliding time ( < 200 min). Whether or not the linear relationship can be maintained with prolonged sliding time remains unclear. Our investigations showed that the relationship between ∑E and ∑V gradually deviates from the linear relationship when the sliding time exceeds approximately 200 min ( Figure 6 ). This result indicates that wear enters the breaking-in wear stage. ∑V slowly increases with increasing ∑E at this stage. The slope of the point on the fitted curve represents the ∑V on unit ∑E. The decrease in slope with prolonged time shows that the wear loss of the coating results from the decrease in unit input energy. Thus, the input energy transformed into other forms of energy increases with prolonged time. This phenomenon may be attributed to the change in contact condition between the counterpart surfaces. When the sliding time changes, the protrusions fade or even vanish on the coating surface, which causes the increase in contact area between the counterparts. Thus, more ∑E should be applied to produce friction heat. Friction heat accumulation increases the temperature on the contact surfaces. As a result, the coating surface may be oxidized. The formation of the oxide layer protects the coating surface from further damage. Meanwhile, the counterpart (YG6X) is damaged when the sliding time is prolonged. The fine particles from the counterpart adhere to the contact surface of the coating, which plays the role of a lubricant between the counterparts. The oxide layer and the fine particles participate in the formation of the protective layer and play a mutual role in reducing the wear loss of the coating. The protective layer becomes more complete and thicker with prolonged sliding time. Therefore, ∑V slowly increases with increasing ∑E.
When ∑E reaches the sliding time of approximately 14.520 min, ∑V is almost no longer changed and close to a horizontal line. It indicates that wear enters the steady stage. The wear rate is almost zero at the stage, which indicates that the input energy is transformed into other forms of energy and not used for coating loss at this stage. As mentioned previously, the protective layer is formed and protects the coating. The entire coating surface is almost covered by the protective layer at this stage. Friction mainly occurs between the protective layer and the counterpart, and the input energy is mainly applied to generate heat as well as to damage and restore the protective layer. The coating is shielded against the damage from the counterpart. The conjecture can be further verified by analyzing the morphologies of the coating wear surface.
The aforementioned relationship between ∑E and ∑V at a sliding time of 712 h can also be explained from the view of the contact stresses between the coating and the ball. The wear of the laser clad coating is usually caused by two mechanisms, namely, micro-cutting and brittledebonding at the initial wear stage. Many protrusions of the initial ball surface contact with the coating surface, and the contact stresses derived from the applied load (40 N) are extremely high because of the small contact areas between the coating and the ball. Some shape protrusions may be impressed into the coating surface, and some comparatively blunt protrusions may result in the plastic deformation of the coating surface. The former produces the micro-cutting effect on the coating surface and causes the separation of a portion of the coating from the coating surface. The latter causes crack initiation, propagation, and coating debonding from the coating surface. Wear debris is formed by the two ways mentioned previously, which results in the comparatively high wear rate at the initial wear stage. With prolonged sliding time, some protrusions become blunt and even vanish, thereby increasing the contact area. The contact stresses are correspondingly reduced. The two factors combine to weaken the effects of micro-cutting and brittle-debonding, thereby reducing the wear rate of coating at the breakingin wear stage. The change in contact stress also affects the formation of the protective layer and thus the wear rate of the coating. The debris adhered to the coating surface is susceptible to being destroyed at the initial wear stage because of the high contact stress and the large number of protrusions. Thus, the protective layer is highly difficult to form on the coating surface. With prolonged sliding time, accompanied with the reduction in contact stress and protrusion, the debris is easy to adhere to and cluster on the coating surface, resulting in the formation of the protective layer. This phenomenon significantly reduces the wear rate of the coating. At the stable stage, the stable protective layer is formed, making the wear rate approach zero. The change in contact stress is also reflected by the change in friction coefficient. The ball surface protrusions that are impressed into the coating surface encounter higher resistance (F) at the breaking-in stage. On the basis of the formula F = μN, the friction coefficient is comparatively high at the aforementioned stage. However, the friction coefficient is low at the stable stage owing to the reduction in contact stress and to the formation of the protective layer.
Based on the discussion about the wear behaviors of the coating, it can be concluded that the wear behaviors of the ball should present a similar change. However, the speculation cannot be verified in the experiment. The reason is as follows. The relative position between the coating and the ball must be fixed precisely in the long service. The profile of the wear surface of the coating is measured by a surface mapping profiler, during which the relative position between the coating and the ball is not affected. However, it is impossible to measure the wear loss of the ball by the surface mapping profiler owing to its leveled worn surface. The other possible method to measure its wear loss is the weight method. The ball needs to be dismantled from the clamp and is weighted by a balance with high resolution after every time interval and then is equipped in the clamp for the subsequent wear test. In such an operational process, the relative position between the two is impossible to remain unchanged, which will affect the effectiveness of the test. Therefore, the changes in wear loss of the ball after different time intervals were not measured. Only the change in weight of the ball before and after the entire wear test was measured. The wear losses of the ball and the coating before and after the entire wear test were 0.0030 and 0.0263 g, respectively. Compared with the coating, the ball hardly wore down owing to its higher hardness.
Wear behaviors of the substrate
The coating was prepared to improve the wear resistance of the titanium alloy (Ti6Al4V). Therefore, the wear behaviors of the substrate (Ti6Al4V) were also investigated to compare their wear resistance using the same method. The parameters of the wear test were set to the same as those of the coating as mentioned previously. However, the exposed part of the YG6X ball fixed into the clamp was almost completely embedded into the wear track (Figure 7 ) when the sliding time rose to 27 h. The wear test must be carried out between the side of the clamp and the surface of the substrate when the sliding time exceeds 27 h. Therefore, the wear test of the substrate only lasted for 27 h. Figure 8 shows the average value of the friction coefficient in a unit vs. the sliding time in the time range of 27 h. When compared with the coating, the average friction coefficient of the substrate at a sliding time of 27 h was higher (approx. 0.8523) and the maximum friction coefficient even exceeded 1. In addition, the fluctuation of the friction coefficient of the substrate became drastic and irregular when the sliding time was prolonged. This phenomenon can be attributed to their difference in hardness. The substrate possesses a lower hardness (approx. 373 HV 0.1 ) than the ball (approx. HRA 91.5). Therefore, the protrusions of the ball surface were easily embedded onto the substrate surface under a load of 40 N, which resulted in a high friction force during wear. Meanwhile, the debris from the ball was lesser and more difficult to assemble and formed a protective layer on the substrate surface because of its low hardness.
The ∑E and ∑V of the substrate at a sliding time of 27 h were calculated ( Table 3) . As shown in Figure 9 , these data points are fitted by the least square method, and the results are as follows: 
The wear process of the substrate at a sliding time of 27 h can similarly be divided into two stages: initial wear stage and breaking-in wear stage. At the initial wear stage, ∑V increases with increasing ∑E. When the sliding time exceeds 85 min, wear enters the breaking-in wear stage A comparison of Figures 6 and 9 shows that the wear behaviors of the coating and substrate had a significant difference. First, the duration at the initial wear stage of the substrate (approx. 85 min) was less than that of the coating (approx. 200 min). Meanwhile, the wear volume of the substrate in a very short time (27 h) was approximately 8.53 mm The wear loss of the ball was 0.0008 g, which was far lower than that of the ball against the coating, owing to the shorter sliding time (27 h) and the lower hardness of the substrate. Moreover, the wear loss of the substrate was 0.0545 g, which was far higher than that of the coating. This could be attributed to the low hardness (approx. 373 HV 0.1 ) of the substrate when compared with that of the coating (approx. 1045 HV 0.1 ). Figure 10 shows the morphologies of the coating wear surface after 712 h of wear test and the analytic result by EDS. The width of the wear scar was approximately 3.33 mm, and the wear surface was relatively smooth ( Figure 7A ). The formation of the final profile was tightly related not only to the wear but also to the plastic deformation of the coating subsurface. The subsurface of the coating is susceptible to plastic deformation when such a high load is applied to the coating surface. It results in the formation of the deformation profile. The contribution of the plastic deformation to the formation of the final wear profile of the coating may be minimal because of the hardness and brittleness of the laser clad coating. Figure 10A shows that a majority of the wear surface zones are covered by a layer of black adhesion. A BSE image at high magnification reveals that the atomic number of the layer completely differs from that of the phases in the coating. The EDS analysis was carried out on the location shown in Figure 10C . The result indicates that the zone was mainly composed of C, O, Al, Ti, Cr, Ni, and W. The first five elements existed in the coating, and O and W as two new elements were detected in the layer. Thus, W and O may originate from the counterpart (96 wt.% WC) and the air. Moreover, the formation process and mechanism have been described in detail previously. The formation and damage of the protective layer can be clearly described by the SEM image ( Figure 10D ). With the sliding time duration, the protective layer was formed on the coating because of the great deal of heat generated between the counterparts (shown in zone A), which tightly adhered to the coating surface and protected the coating from further damage. However, many fine cracks were generated (shown in zone B) and propagated with increasing input energy, resulting in layer stripping from the coating surface (shown in zone C). Finally, the layer peeled off and the coating was exposed to wear again. White debonding ridges can be clearly observed in zone D. The exposed surface may be protected by the new formation layer. These circles may occur at the entire wear surface, resulting in a comparatively stable contacting condition, accompanied by very minimal wear loss of the coating. Figure 11 shows the substrate wear surface morphologies after 27 h of wear test. The width of the wear scar was approximately 3.94 mm, which was significantly larger than that of the coating (approx. 3.33). The effect of the plastic deformation on the final formation of wear profile cannot be negligible because of the higher plastic deformation of the substrate when compared with that of the coating. However, the precise measurement of the plastic deformation of the substrate was very difficult to perform because of the complicated and dynamically changeable contact stresses between the ball and the substrate. The wear surface was relatively rough, and a large number of 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Wear surfaces of the coating and the substrate
Binding energy (keV) 
